J. Bowman, C. M. Yentsch, W. T. Peterson, Eds. (Springer-Verlag, Berlin, 1986), pp. 193-223. 19 . The processes responsible for the shape of the curves in Fig. 2 are not known. 20. P. F. Sale, Enoiron. Biol. Fish. 3,  85 (1978) Calcium-activated potassium channels mediate many biologically important functions in electrically excitable cells. Despite recent'progress in the molecular analysis of voltage-activated K+ channels, Ca2+-activated K+ channels have not been similarly characterized. The Drosophila slowpoke (slo) locus, mutations of which specitically abolish a Ca2+-activated K+ current in muscles and neurons, provides an opportunity for molecular characterization of these channels. Genornic and complementary DNA clones &om the slo locus were'isolated and sequenced. The polypeptide predicted by slo is similar to voltage-activated K+ channel polypeptidesin discrete domains known to be essential for function. Thus, these results indicate that slo encodes a structural component of Ca2+-activated K+ channels. P OTASSIUM CHANNELS COMPRISE A large and diverse group of integral membrane proteins that determine the level of excitability and the repolarization properties of neurons and muscle fibers (1). On the basis of gating mechanisms K+ channels can be subdivided into at least two distinct classes: voltage-activated K+ channels respond to changes in membrane potential, whereas the gating of Ca2+-activated KC channels is dependent on intracellular Ca2+, although members of this class are also sensitive to voltage. Ca2+-activated K+ channels occur in neurons, muscles, and secretory cells of vertebrates and invertebrates and govern action potential repolarization, the rate and pattern of repetitive firing, and Ca2+ entry ( 2 ) . The molecular analysis of KC channels was initiated by the cloning of the Drosophila Shaker (~h ) locus, a gene encoding one class of voltage-activated KC channels (3). Subsequently, many KC channel genes were cloned from various organisms on the basis of sequence similarity with Sh, enabling elucidation of important structural features essential to K+ channel activity (4) . However, none of these genes appears to encode a K+ channel gated by Ca2+
In Drosophila, a fast, Ca2+-activated KC current, I,,, has been identified in adult and larval muscles and in 'larval neurons (5) (6) (7) . Like the BK class of Ca2+-activated K+ channels in mammalian muscle (8) , the Drosophila channels that conduct I,, are sensitive to charybdotoxin and have a relatively large single channel conductance (6, 7) . Mutations of the slo locus specifically eliminate I,, (6, 7, 9) . To determine if slo encodes a structural component of Ca2+-activated K+ channels or perhaps affects their function by some other means, we undertook a molecular analysis of this locus (10).
We first pinpointed the cytological location of the gene. defined on the basis of a " , single, cytologically normal mutation, slol (6) . We mapped this mutation by meiotic recombination to position 90.0 on the third chromosome between bar-3 (map position 79.1) and taxi (map position 91), corresponding to polytene chromosome region 95-96 (11) .To refine this location, we iso-
lated three y-ray induced slo mutations (slo3, slo4, and slog) on the basis of their failure to complement the slol behavioral phenotype (6, 12) (Table 1 ). The slo phenotype of these new mutations was confirmed electrophysiologically (13). &ological examination of these mutations revealed that all contained chromosome rearrangements with a common breakpoint at polytene band 96A17 (Table 1) . These results together with the cytological and genetic characterization of other chromosome lesions in this region, originally isolated by other criteria, identify band 96A17 as the cytological location of slo (Table 1) .
One of the breakpoints in the slo4 inversion is at the slo locus and the other is at 96F5-8 close to the previously cloned E(sp1) locus (14). We were thus able to k e this invirsibn'to clone genomic DNA from the slo locus by chromosome walking and jumping (15). Chromosomal in situ hybridization o f t w o sets of phage clones from existing chromosome walks in the E(sp1) region revealed that one set was proximal and the other set distal to the 96F5-8 breakpoint. Consequently, we extended the proximal walk by isolating overlapping cosmids from a wild-type library until the 96F5-8 break~o i n t &as reached. To identifv a cosmid spanning the inversion breakpoint ( Fig.  lA) , we assayed each cosmid from the walk by chromosomal in situ hybridization to slo4 homozygotes: a cosmid spanning the breakpoint should hybridize to both ends of the inversion, whereas cosmids that stop short of this break should hybridize to a single site. DNA disrupted by the inversion was further delimited by in situ hybridization and Southern blot analysis to a 3-kb Eco RI restriction fiagrnent within this cosmid. In slo4, the 3-kb Eco RI genomic fragment at 96F5-8 is broken into two parts, each juxtaposed to DNA sequences from the slo locus at 96A17. A phage containing one of these junction fiagments was isolated by probing a slo4 genomic library with the 3-kb wild-type Eco RI fragment. This junction fragment was subsequently used to initiate a chromosome walk in a wild-type cosmid library to obtain genomic DNA that induded the slo locus (Fig. 1B ).
An approximate location of the slo transcription unit was defined by the 96A breakpoint of slo4, which mapped to a 3-kb Eco RI-Hind 111 genomic fiagment. We used this fragment to screen cDNA libraries from --10 p yl 2p 3p $? Because the CDNAs lack internal Eco RI sites, a break berween bars indicates the presence of an intron in genomic DNA that is spliced out in the cDNAs.) Broken lines, regions where the order of the resmction fragments has not been determined so the distance between exons is not known. The entire slo locus must extend beyond the limits shown because the cDNAs hybridize to genomic resmction fragments not contained in the cloned region and because the T(Y;3)A117 breakpoint lies outside the limits of the chromosome walk. The direction of transcription relative to the chromosome wak was determined from Northern blots by using single-stranded RNA probes.
Drosophila heads. One DNA, 28, hybridizcd to both sides of the slo4 inversion and also to both parts of the T(Y;3)A117 translocation (Fig. 2, A . I I Iquenccs or single-stranded RNA transcribed from the T7 promoter of the pBluescript SK-(Stratagene) plasmid that carried cDNA ZS. Single-stranded probes transcribed in the reverse orientation from the SP6 promoter of 28 did not detect any nanscripts (not shown). As a control, the blot was stripped and reprobed with an eag cDNA (right). Experimental conditions were as described (26). (Fig.  4) encoded by the composite cDNA. The plot has been aligned with the composite cDNA sequence above. Hydrophobicity values were calculated accordmg to Kyte and Doolittle (19) with a window size of nine amino acids. The seven shaded hydrophobic peaks were named according to the corresponding domains of other K+ channels after aligning sequences of the fourth and sixth hydrophobic peaks with S4 and H5, respectively. used it as a probe to isolate the overlapping cDNAs, 254 and CH4. Although none of these cDNAscontains a completeopen reading frame (ORF), together they yield a composite sequence capable of speafylng a polypeptide over 1100 amino acids in length (Fig. 3A) . These cDNAs represent a spliced transcript encompassingover 40 kb of genornic DNA as indicated by Southern analysis (Fig. 1B) .
The nucleotide sequenceof the composite slo cDNA (Fig. 3) is 4232 nucleotides (16) with an open reading frame (between positions 1 and 3552) that encodes a deduced polypeptide at 1184 amino acids (Fig. 4) . This sequence appears incomplete at the 5' end (17) but complete at the 3' end because the untranslated tail of CH4 terminates in a run of adenine residues preceded by the polyadenylation signal AATAA (18). Hydropathy analysis (19) hydrophobic domains near the NH,-terminus of the slo polypeptide (Slo) similar to the structure of other known K+ channel polypeptides (4) . The fourth hydrophobic segment of Slo is similar to the S4'domainin voltage-gated channels, which is thought to mediatevoltage sensitivity. The S4 m&f is characterized by a positively charged residue at every third position separated by two hydrophobic residues (20) . Out of 26 positions in the alignment of S4 domains from Slo and Shaker, there are six amino acid identities and four conservative substitutions. This region of Slo shows a slightly better alignment with an S4 domain of rat brain Na+ channels, yielding seven identities and four conservauvesubstitutions (Fig.  5A ). The Slo S4 domain contains fewer positive charges than S4 domains in voltagegated channels but the hnctional significance of this is not known. The presence of an S4 domain in a guanosine 3',5'-monophosphate (cGMP)-gated channel has led to the suggestionthat the S4 sequence contributes to the basic architecture of various channels in addition to its function as a voltage sensor (21). The greatest similarity between Slo and K+ channel polypeptides is in the H5 domain, an integral part of the ion conduction pore (22) (23) (24) (25) . When aligned with an H 5 consensus sequence for the Sh superfamily, Slo shares 11identities and five conservative substitutions out of 25 positions (Fig. 5B) . This alignment is centered on a core of 11 amino acids in which there are nine identities and two conservative substitutions. Moreover, at five positions in the H 5 domain where Slo deviates from the consensus, it shares identities with Eag, another Drosophila K+ channel polypeptide identified by means of genetic strategies (26, 27) . These relations indicate that slo and other K+ channel genes have evolved from a common ancestor.
One of the conservative changes within the H5 domain of Slowith respect to the Sh family consensus is a substitution of serine for threonine at wsition 284. Creation of the same replacement in Sh by site-directed mutagenesis results in a tenfold decrease in sensitivity to internal tetraethylammonium (TEA) blockade (23). This result is consistent with the observation that, in vivo, I,, is relatively insensitive to internal TEA (K,= 100 rnM) (28). Site-directed mutations in Sh that alter ionic selectivity and increase sensitivity to external TEA also occur naturally at the equivalent positions in the slo sequence (24, 25) . For example, the presence of tyrosine at position 292 would be predicted to result in a high sensitivityof I,, to external TEA blockade (25) . These properties have not yet been empirically determined in Drosophila.
Outside these two discrete regions of rimilarity, the Slo sequence is distinct from all known K+ channels (29). One unusual feature of Slo is its length of 1184 amino acids, including a stretch of about 850 amino acids between the S6 domain and the COOHterminus, which contains two additional POtentid membrane-spanning domains.
bles that of other K+ channel polypeptides, its overall sequence differs extensively from these polypeptides, indicating that the divergence of genes encoding voltage-activated and Ca2+-activated K+ channels is ancient. Across the entire hydrophobic core of the ity and permeation and to explore the mo- (1982) ], and sequence comparisons with overlapping cDNAs from which these segments were misspolypeptide, Slo shares less than 20% amino lecular basis for Ca2+-dependent gating. methionine and the first hydrophobic domain (7) .If Physiol. 51, 385 (1989) .
an unspliced intron is present at the 5 (Fig. 4) 
